foreign gas in blood is of prime importance in determining its value for measuring the cardiac output.
Gases which are too slightly soluble are unsuitable since sufficient accuracy rate of absorption.
Hydrogen gas is not is an attainable for detecting their example of this type. The desideratum is a gas having a sufficiently great solubility so that with the amount absorbed no appreciable error will be introduced by the analytical method employed.
Substances, such as ether, which are very soluble in blood are equally undesirable.
Acetylene is intermediate as regards its solubility, between ethylene and nitrous oxide, on the one hand, and ethyl iodide on the other.
The solubility of acetylene in blood at body temperature is 0.740 (expressed in terms of cubic centimeters of gas at 0" and 760 mm. dissolved in 1 cc. of blood) compared to 0.123 for ethylene and 0.405 for nitrous oxide. It is thus superior to both ethylene and nitrous oxide in so far as this factor alone is concerned, since from a given concentration of the gas, six times as much acetylene will be absorbed as ethylene and over three one and of these a half times as much as gases could be determined with the same oxide. Assuming that all degree of accuracy, the analytical error introduced in determining the amount of gas absorbed will thus be much less in the case of acetylene than with either ethylene or nitrous oxide.
The variation+ of the solubility of a gas in diferent bloods. The solubility of any given gas in different bloods is not a constant but varies to a certain degree, depending upon the nature of the gas, not only in the blood of different animal species but even in different individuals of the same species.
In the use of a foreign gas for the determination of the cardiac output, the solubility or partition of the gas between the alveolar air and blood of the subject whose output is being determined must be known. For a gas to be generally applicable, therefore, its solubility should be constant within small limits of variation.
The importance of this problem in connection with the measurement of the cardiac output may be briefly discussed.
With the exception of carbon monoxide and oxygen where actual combination occurs between the gas and hemoglobin, or of carbon dioxide, where bicarbonate is formed, most gases hitherto studied dissolve in blood according to the laws of solution of gases in liquids?
In considering the solubility of a given gas in so heterogeneous a system as blood, we must take into account the various elements composing the fluid, viz., the dis-1 Against the view presented here may be cited the work of Findlay and Creighton (1911) whose experiments on the solubilities of carbon dioxide, oxygen, carbon monoxide, nitrous oxide, and nitrogen in blood and serum, indicate adsorption of these gases by the blood colloids. Conant and Scott (1926) also found that the solubility of nitrogen in hemoglobin solutions followed Freundlich's adsorption formula.
solved salts, proteins, hemoglobin, and the lipoid constituents of the erythrocyte.
So far as the salts, proteins, and hemoglobin are concerned, they seem to behave simply like dissolved substances which in general tend to decrease the solubility of the gas in question in the solvent. The lipoid of the erythrocyte, however, acts as a solvent of the gas and thus tends to increase the solubility of the gas in blood, as compared to an aqueous solution, because of its own solvent power.
Although the concentration of lipoid in blood is only about 0.2 to 0.3 per cent, the preponderatingly greater solubility of certain (particularly the organic) gases in lipoids over their solubility in water makes the effect of the presence of this lipoid considerable.
In general, we may predict the solubility of a gas in blood from its solubility in lipoid.
Thus the solubility of hydrogen, carbon dioxide, nitrogen or oxygen, which are not very soluble in lipoids, will not be greatly different in blood than in water.
The slight effect of the solvent power of the lipoid, in the case of these gases, is overbalanced by the decrease in solubility, as compared to water, which the presence of the dissolved salts, proteins, and hemoglobin produces.
The sum total of these effects is a decreased solubility of these gases in blood as compared to water (Bohr, 1905 : Van Slyke, Sendroy, Hastings, and Neil& 1928 .
Gases, such as ethyl iodide, chloroform, ether, etc.. on the other hand, because of their Zipophilic nature are much more soluble in blood than in water due to the solvent action of the lipoidal envelope of the blood corpuscles.
In the case of ethylene, nitrous oxide or acetylene, we find a behavior, as regards their solubility in blood, which is intermediate between the relatively lipoid-insoluble oxygen, carbon dioxide, nitrogen, and hydrogen, and the highly Eipophilic substances, ether, chloroform or ethyl iodide.
Ethylene is one and a half times as soluble in blood as in water, thus retaining the Zipophilic character to a considerable degree. Nitrous oxide is much less ZipophiZic and its solubility in blood is only slightly higher than in water (Siebeck, 1909) . In the case of acetylene we have the least Zipophibic of all three of these gases, and its solubility in human blood is slightly Iess than its solubility in water at the same temperature.
If one considers now the effect of variation of the lipoid content of different bloods on the solubility of any given gas, it will be obvious that the more ZipophiZic the gas, the more kill it be affected by any given change in the lipoid content of the blood.
Thus the difference in solubility of ethyl iodide in human bloods of different individuals or of different animal species will be pronounced (Starr and Gamble, 1928) . In the case of ethylene, likewise, this difference in solubility, though in no manner as pronounced as in the case of ethyl iodide, is nevertheless of practical importance and capable of introducing serious error in determinations of the cardiac output . The solubility of nitrous oxide will not vary appreciably under these conditions. Acetylene, in this respect, has marked advantages over any of the foreign gases hitherto recommended for the determination of the cardiac output. Normal variations of its solubility are negligible, being extremely small.
In order to demonstrate the above considerations, the solubilities of ethyl iodide, nitrous oxide, ethylene, and acetylene in blood of various sources and in wat,er are collected in 2.7" 5.6 to 6.5* 5.0 to 5.4* 9.5 to 11J3* (1927, 1928) . t Marshall and Grollman (1928) . $ Lindhard (1925) . 9 The solubility of acetylene in a sample of blood from a patient with poEycythemia vera (kindly furnished by Dr. Geo. A. Harrop) was found to be 0.710. The R.B.C. of this blood was 6,800,OOO.
7 This blood was obtained from a patient with myeloid Zeucemia in whom there was an anemia (R.B.C., 2,200,OOO) and a relative lipaemia.
gases in blood and blood-fluids and were made at 37.50' rtO.05'.
Reference to table 1 shows the obvious superiority of acetylene over any of the other gases used for determining the cardiac output, in so far as its solubility relationships are concerned.
Manipulation of gases. Ease of manipulation is an important factor in establishing the practical value of a gas for determining the cardiac output. Ethylene and nitrous oxide require no especial precautions and are easily manipulated under the usual laboratory conditions. Ethyl iodide, however, must be kept inaccessible to rubber or greases, which introduce considerable errors by absorption of this gas (Starr and Gamble, 1928) . Acetylene, like ethylene and nitrous oxide, does not pass through rubber rapidly nor is it absorbed appreciably by such substances as stop-cock grease.
It must be pointed out that acetylene suffers the possible disadvantage that, under certain conditions, it is a violent explosive. With ordinary precautions, however, and particularly since the method of &tern.king the cardiac output does not involve the use of flames or burning the gas, no danger is attached to its use. A method is later described in which sufficient gas for determining cardiac outputs can be easily prepared in the laboratory so that the necessity of keeping the gas in tanks under pressure (in which condition alone, any violent explosion is probable) is obviated.
The ease of the analytical determination of acetylene as compared to other gases. For practical value in determining the cardiac output, a foreign gas must be easily and accurately analyzable.
In the case of ethylene, this analysis is comparatively easy when high concentrations of the gas are used. However, the nauseating taste of such concentrations and the other factors already mentioned mitigate against its use. The analysis of ethyl iodide to be accurate involves rather complicated manipulations (Starr and Gamble, 1928) .
The greatest objection to the use of nitrous oxide for determining the cardiac output and the factor which has mitigated against its general use, has been the difficulty of carrying out analyses of this gas. Although in the hands of one experienced in the technique of manipulating gases, the analysis of nitrous oxide can be carried out with a relatively high degree of accuracy, the analysis can not be said to be of extreme simplicity.
Indeed, when one considers the precautions necessary for accurate workthe complete removal of all traces of oxygen before burning the nitrous oxide, the avoidance of overheating, etc., -it is not surprising that because of the difficulty experienced in the analysis, objections have been raised against the method (Boothby and Sandiford, 1915) . Moreover, the necessity of storing oxygen-free hydrogen for the combustion, the effect of organic substances such as grease from the stop-cock, etc., the necessity of having stop-cocks which do not leak under about 60 millimeters of mercury pressure -are all mechanical details which make the analysis of nitrous oxide difficult and to the physiological or clinical investigator, often impossible without long practice.
In the case of acetylene, fortunately, one has available an extremely simple method of analysis, which shall be described in a later section of this paper.
The final accuracy obtainable is of the order obtained in the case of carbon dioxide or oxygen analysis.
We thus see that acetylene as compared to either ethylene, nitrous oxide, or ethyl iodide has marked advantages which should render it admirably suitable for determining the cardiac output.
The results obtained by its use, as described below, show it worthy of this confidence in its superiority.
Procedure in determining the cardiac output. The procedure followed in the present work was that described previously half a liter of acetylene, obtained by one of the methods described below.
The quantity of acetylene used need not be measured or even accurately estimated since its absorption is such that accurate results can be obtained with a final gas concentration, varying from about 4 to 20 per cent. About 8 to 10 per cent, however, is a very convenient concentration. Approximately one hundred cubic centimeters of oxyen are now introduced and the bag is almost filled with air, giving a t,otal volume of gas mixture equal to about two and a half liters. Since none of the gas quantities need be exact the gas mixture is easily prepared, the amounts of the various gases being judged sufficiently accurately without the necessity of measurement.
After determining (by any of the usual methods) the oxygen consumption of the subject whose cardiac output is to be estimated, the above described gas is rebreathed for a period sufficiently long enough to bring about mixing in the lung-bag system, as described previously (Grollman and Marshall, 1928; Grollman, 1928b) , and a sample is taken in an evacuated tube.
After about 5 more seconds of rebreathng, a second sample is taken. An analysis of these two gas samples and the barometric pressure give the necessary data for calculating the arterio-venous oxygen difference. The elliptically shaped bag, used in anesthesia but having a width of 12 cm. and a length of 27 cm. is appropriate.
Ohe end of the bag should have a short piece of rubber tubing (about 5 mm. in diameter) through which the bag is filled. The other end should have a collar about 23 cm. in diameter.
This should be rather short (1 cm.) so as to avoid the collapse of the bag, with consequent interference in the mixing, during the preliminary rebreathing period.
(48.1 mm.)3 and the factor 0.00974. The latt.er is derived by combining the constants 760 and 100, and 740, the solubility of acetylene (expressed in terms of cubic centimeters at 0' and 760 mm.) in blood at body temperature. This solubility value is the average determined on two individuals and is in close agreement with the value found by Schoen (1923) .
The analysis of acetylene-air mixtures. For the analyses of the gas mixtures, the ordinary type of gas analysis apparatus used in metabolism work is utilized.
To the usual carbon dioxide and oxygen absorbers is added a third absorber for acetylene.
Carbon dioxide is first determined by the usual method of absorption in alkali.
To avoid loss of acetylene by solution in the carbon-dioxide absorbing fluid, the latter should consist of a 10 per cent alkali solution, saturated with sodium chloride or nitrate.
By manipulating both samples in the same manner during the absorption of the carbon dioxide, the small errors introduced by the slight solubility of the acetylene in the absorber are counterbalanced.
After absorption of the carbon dioxide, the acetylene is determined. The absorption fluid for this gas is prepared (Treadwell and Tauber, 1919) by dissolving 20 grams of mercuric cyanide and 8 grams of sodium hydroxide in 100 cc. of water.
This absorbent takes up acetylene with extreme rapidity and completeness forming a white precipitate of mercuric carbide.4
The oxygen is finally determined by the usual method of absorption in pyrogallol.
The ordinary gas pipette with a 7 cc. bulb and a stem calibrated in hundredths of a cubic centimeter over a range of 4 cc. permits the absorption of all three gases without danger of running beyond the calibration.
When the calibration extends only over 3 cc., this may be avoided by storing a measured volume of nitrogen in the oxygen absorption pipette.
In the present work, a pipette with a 20 cc. bulb and a stem calibrated in hundredths of a cubic centimeter over the range of 20 to 25 cc. was used. In this apparatus, 4 to 5 cc. of nitrogen were stored in the pyrogallol absorber before introducing the sample for analysis. The apparatus was also supplied with a Pettersson (1886) oil-bubble which 3 The value 48.3 given in the paper of Marshall and the author (1928) referred to the vapor pressure of water at 37.5'. The present value, 48.1 refers to the vapor pressure of blood at this temperature (Grollman, 1928a) . There is some confusion in usage as regards the temperature to be considered as occurring in the mixed venous blood coming to the lungs. This temperature would vary, possibly a degree or more, under extreme conditions, e.g., physical exercise or extreme changes in the external temperature (Bazett, 1927) , and would necessitate changes in the solubility and vapor tension constants used in calculating the cardiac output.
This effect on the vapor tension is negligible.
Its effect on the solubility, in the case of acetylene, would amount to less than 2 per cent for a degree change in the temperature.permits of much more accurate readings than in the ordinary Haldane apparatus.
With the above described apparatus, the analyses are in error less than 0.01 per cent. This refinement, however, is unnecessary for most work where, with the ordinary apparatus and an 11 cc. pipette, values which do not vitiate the final results more than 2 or 3 per cent should be obtainable.
The source of the acetylene. No difficulty was encountered in obtaining acetylene sufficiently purified to be safe for breathing.
Such acetylene prepared for use as an anesthetic is procurable in Europe, but no American source of the gas, so purified, could be found. The acetylene used in this work was at first prepared by the interaction of water on commercial calcium carbide. The latter substance contains various impurities which liberate the physiological harmful hydrogen sulfide, ammonia, hydrogen phosphide, and hydrogen silcide. from calcium carbide is due to
The repugnant odor the presence of these must be removed to render the gas safe for breathing. of the gas derived substances which A most satisfactory means of preparing pure acetylene, in small quantities, was found in the method described by Mathews (1900). The gas may be purified by passage through a solution prepared by dissolving 15.6 grams of crystalline copper sulfate (CuSO4 l 5HzO) in 100 cubic centimeters of water and adding 5 cc. of 20 per cent sulfuric acid. This absorber is followed by another containing chromic acid in sulfuric acid solution, by one or more absorption towers filled with pumice stone saturated, as advocated by Wieland (1922) , with a solution of cuprous chloride in hydrochloric acid and by a final tower, containing caustic soda, to remove any acid liberated. Acetylene prepared in the above way has been found by Wieland (1922) to be without toxic effec t on the for u se in determi "pleasant ethereal odor", which chemical treatises attribute gas, in no case has there been any difficulty in its use. This lower ani .ning the mals. It has been found perfectly satisfactory cardiac output.
Although not possessing the to iS the pure in accord with the experiences of others who have used acetylene as an anesthetic (Brandt, 1926) . The gas may be more simply obtained in a form suitable for breathing, by passing the ordinary commercial product through the train of absorbers described above. Acetylene, dissolved under pressure in acetone, is sold commercially and is readily obtainable on the market. This gas is used as an anesthetic after passage through a column of granular activated carbon (Goldman and Goldman, 1925) , which removes the acetone and traces of the sulphur and phosphorus compounds present in the gas! Another method of preparing the gas in a very pure form is suggested by the observation of Kekule (1864) who noted the formation of acetylene at the anode on the electrolysis of fumaric or maleic acids. The preparation of pure acetylene by the formation of copper acetylide from acetylene and ammoniacal cuprous chloride and the regeneration of the former has also been suggested (Meyer-Jacobson, 1907) .
RESULTS. In the accompanying table (table 2) are given the results of duplicate determinations on six individuals. All the individuals studied were young, healthy adults in the third decade of life, except G. S. who was 46 years old. Except for the subjects, A. L. and A. G., the other individuals studied had never performed the experiment previously. After one-half hour rest in the recumbent or sitting positions, as indicated, the first determination was made. After five minutes had elapsed the oxygen consumption was determined by means of the Krogh (1923) spirometer.
Five minutes after the conclusion of this determination a second determination of the cardiac output was made. The last column in the table represents the cardiac outputs as calculated from a single analysis (no duplicate analyses were ever done) of the gas samples and the oxygen consumption which was assumed to be constant throughout the course of the experiment (20 minutes).
The agreement of successive determinations is remarkable and shows a constancy of duplication never heretofore reported as obtainable by any method used for determining the cardiac output. There is every reason to believe that the cardiac output, like other bodily functions, is constant for an individual in a relatively constant state of rest. Wide variation of successive determinations on the same individual at the same sitting with no obvious nervous or excitatory reactions, should not occur and such variations when obtained can only indicate a variable error in the method.
In the case of acetylene, as used in the present method, with an analytical error in the gas analyses of only 0.01 per cent, the final results should not be in error more than 1 or 2 per cent, and this is actually found to be the case in the results obtained.
Of course, any error in the theory upon which the method is based may introduce a constant error so that the final results may possibly differ from the true cardiac output by a margin greater than that indicated in the variations of successive determinations from one another.
The magnitude of the results obtained is of the same order as those obtained by the recent use of the Krogh-Lindhard method (Liljestrand and Stenstriim, 1925) , by the method of Burwell and Robinson (1924) , by Marshall and Grollman (1928) , Grollman (1928b) , and most recently, on two individuals by Starr and Gamble (1928) .
The results differ markedly from the much higher values reported by Christiansen, Douglas, and Haldane (1914) and those who have used the method of Field, Bock, Gildea and Lathrop (1924) .
This wide divergence in the results obtained by the use of a foreign gas and by the various carbon dioxide methods is particularly striking and irreconcilable when one compares the results obtained in the recumbent posture (Grollman, 1928b) .
Time allo,wable for the rebreathing procedure. The basis for the assumption that the procedure, as used in this investigation,
gives correct values for the cardiac output of man, has been reported in detail in a previous communication and need not be reconsidered here. The high degree of accuracy obtainable by the use of acetylene permits, however, a more satisfactory experimental test of the factor of the time allowable for the rebreathing procedure. Accurate knowledge of this point is of extreme importance to the method.
Due to the large error involved in determining the cardiac output by means of nitrous oxide or ethylene when the collections are made over a very short period, it was considered worth while to repeat the experiments intended to settle this point by the use of acetylene, which permits accurate determinations when the samples are collected at intervals of even so short a period as five seconds.
The results of this study are given in table 3.
After a preliminary period of rest, the determinations were made with an interval of ten minutes between each rebreathing.
The results of table 3 indicate that there is no drop in the cardiac output determined over the range of 15 (of 12, in the case of A. G. who could mix in this time) to 25 seconds after the beginning of the rebreathing. This substantiates the view of Marshall and Grollman (1928) as opposed to Lindhard (1925) who considers 15 seconds as the limit allowable for the experiment.
It may be mentioned here that the constancy of the cardiac output over a period extending to 25 seconds, does not necessarily indicate that no blood has completed a circulation until this time. As a matter of fact, the two errors produced by a return to the lungs of venous blood containing acetylene will tend to compensate for one another.
The return of acetylene will lower the value of the observed output.
The decrease in arterio-venous oxygen difference (resulting from an increased blood flow due to the rebreathing procedure) will, on the other hand, tend to raise the observed values.
Hence, by this compensation of errors, one might obtain (fortuitously, of course) the correct output, even after the completion of a circuit by the blood.
This compensation is probably only effectual over a period of very short duration and can have no serious importance on the interpretation of the observed results. We may conclude from the results of table 3 that it is safe to prolong the experiment to 25 seconds after the beginning of the rebreathing. Actually, however, the prolongaticn to this time is not necessary since by the use of acetylene, five seconds (instead of 10 to 12, as in the case of nitrous oxide or ethylene) suffices as the time necessary to elapse between the taking of the two samples for analysis. Hence, by taking these samples at 15 and 20, or at 18 and 23 seconds after the beginning of the rebreathing, one may obtain accurate results even for the recumbent posture. Repetition of the experiment, with collections at 18 and 23, and at 15 and 20 seconds, respectively, will serve as a check for the beginner Marshall and the author (1928) and the author (1928b) were made for the most part with nitrous oxide, it was considered of value to compare the results obtained by this gas with those obtained by the use of acetylene. The results of this comparison made on several individuals on whom single determinations were made by each method, are given in table 4. The several series of determinations on the subjects A. G. and A. L. were made on successive day c b"* Considering the fact that the error in determinations by the nitrous oxide method is about 10 per cent while the error using acetylene is only about 2 per cent (as judged by the agreement of duplicate determinations), the agreement shown in table 4 is satisfactory.
Satisfactory agreement between the results obtained by the use of low and high et,hylene concen-trations and nitrous oxide have been previously reported . The fact that with different methods, results of the same order of magnitude have been obtained by Liljestrand and Stenstrom (1925) , by Burwell and Robinson (1924) , by Marshall and Grollman (1928) , by Grollman (1928b) , and by Starr and Gamble (1928) indicates that we have available, at last, methods for obtaining essentially correct values for the cardiac output of man.
The use of acetylene in other methods. Acetylene is not limited in its use to the method followed in the present investigation.
This gas would offer the same marked advantages over nitrous oxide, when used in the procedure of Krogh and Lindhard, as it does in the present method of Marshall and Grollman. It might also be suggested that acetylene might be used in place of ethyl iodide in the procedure of Starr and Gamble (1928) .
The great limitations to the use of the procedure of Marshall and the author are the long time necessary for mixing and the necessity of completing the determination in the time of a single circulation. These difficulties, of no importance in normal cases, render the application of the method to certain physiological and clinical problems impossible. The recent method of Starr and Gamble (1928) may find application to such cases. These authors report results of consecutive determinations on two subjects.
The results obtained on one of these subjects agree within 0.1 liter, which would indicate an excellent degree of accuracy.
The results on the second individual studied show, however, much wider variations.
The possibility may be suggested, that with acetylene, which has neither the manipulative nor the analytical difficulties of ethyl iodide, the method as devised by Starr and Gamble may be of considerable practical value. The results of Schoen and Sliwka (1923) indicate, however, that acetylene (as might be expected from its general behavior in the body) accumulates very rapidly in the blood, complete saturation occurring (in the case of the rabbit) in seventeen minutes.
This inability of the tissues to store acetylene would mitigate against the use of this gas by the method cited.
SUMMARxY
Acetylene has been used for the determination of the cardiac output in man. The requirements of foreign gases as used in determining the cardiac output of man are discussed and it is shown that acetylene is much more ideal than ethylene, nitrous oxide, or ethyl iodide, the gases which have hitherto been used.
This superiority of acetylene rests on its increased solubility over ethylene or nitrous oxide in blood, the constancy of this solubility as compared to these gases or ethyl iodide, and the ease with which analyses and other manipulations can be carried out with acetylene as compared to any of the other three gases. Acetylene possesses chemical, physical, and physiological properties which render it distinctive in these respects.
Consecutive determinations on the same individual showed a variation of about 2 per cent in the values of the cardiac output,-an agreement hitherto never obtained by any method applied to man. The effect of the time of rebreathing the acetylene-air mixtures, and the results obtained by the use of this gas as compared to nitrous oxide were also studied.
